Introduction {#S0001}
============

Migraine is a neurological disorder, which is often characterized with recurrent attacks accompanied with primary symptoms, gastrointestinal, headache, neurologic, and sometime aural symptoms.[@CIT0001],[@CIT0002] Migraine is one of the most common disorders in the world.[@CIT0003] It is the second most common cause of short-period absence of non-manual workers.[@CIT0004] Migraine has been treated by many drug formulations; however, accompanied limitations with drug delivery systems have proved a major obstacle. The nasal drug delivery system may be affected by many factors; the capacity of the nasal cavity for the drug volume (\<0.2 mL), anterior leakage, and mucociliary clearance.[@CIT0005] Two types of drugs can be used for treating migraine; one of them is preventive and the other is abortive. Abortive drugs, including triptans (e.g. sumatriptan citrate), target serotonin receptor (5-HT receptor). Moreover, sumatriptan succinate (SUT) inhibits calcitonin gene-related peptide.[@CIT0006] SUT is administered in different routes such as oral, intranasal and subcutaneous (s.c) routes. However, its oral administration or intranasal application is limited because of low absolute bioavailability, pre-systemic breakdown, and incomplete absorption. Despite the absolute bioavailability of parenteral formulation of SUT being high (96%), its parenteral formulation is inconvenient. In this sense, intranasal formulations can be developed to overcome reasons of low bioavailability of SUT. High vascular mucous membranes of the nose facilitate rapid absorption of un-metabolized drug to the central nervous system.[@CIT0007],[@CIT0008] Recently, novel studies have been carried out to enhance the bioavailability, such as solid dispersion,[@CIT0009] liposomes,[@CIT0010] chitosan microparticles,[@CIT0011] polymeric lipid-core nanocapsules,[@CIT0012] and lipid vesicles.[@CIT0013],[@CIT0015]

Lipid vesicles, as a tool for drug delivery of SUT, have been studied.[@CIT0016] Transferosomes are ultra-flexible and very deformable vesicles. They are composed of phospholipids and permeation enhancers. The presence of permeation enhancers softens the lipid bilayers of the prepared transferosomes, making them very deformable vesicles. The ability of these vesicles to change their shapes and intracellularly squeeze improves the permeation.[@CIT0017]

In the present study, transferosomal vesicles were incorporated into in-situ gel as an alternative tool for intranasal administering of SUT. Another goal of the study was to improve the bioavailability of the drug and target the brain using optimum in-situ gel containing transferosomal formulations. The prepared transferosomes were evaluated for different parameters such as particle-size, encapsulation efficiency, in vitro SUT release and kinetics analysis of the release data, elasticity. In-situ gels were prepared and characterized. The optimum prepared transferosomes were incorporated into the selected gel and evaluated for different properties such as in vitro release, stability study, in vitro tolerability of sheep nasal mucosa; histopathological evaluation and in vivo pharmacokinetics study.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

SUT was purchased from Natco Fine Pharmacis Pvt Ltd (Hyderabad, India). Soybean phospholipids, cholesterol, tween 80, sodium caprate, and sodium cholate were purchased from Aladdin (Shanghai, China). Poloxamer 407 (PLX 407), poloxamer 188 (PLX 188), and carrageenan were purchased from (BASF, Ludwigshafen am Rhein, Germany). Clostridium perfringens enterotoxin (CPE) was purchased from MyBiosource, Inc. (Southern California, San Diego, CA). Acetonitrile, methanol, and chloroform were provided by Aladdin. All reagents were of high-performance liquid chromatography (HPLC) or analytical grade. Rabbits and rats were purchased from the animal house of the Faculty of Medicine, Assiut University, Egypt.

Methods {#S0002-S2002}
-------

### Formulation of SUT-Loaded Transferosomes {#S0002-S2002-S3001}

SUT-loaded transferosomes were prepared using a thin-film hydration method, which was reported as a good method for preparing lipid vesicles.[@CIT0014] Briefly, SUT, soybean phospholipids, and surfactant (docosahexaenoic acid (DHA) or sodium cholate) were dissolved in 10 mL of 2:3 (v/v) chloroform/methanol mixture, as presented in [Table 1](#T0001){ref-type="table"}. Dried thin lipid films were established under vacuum at 70ºC, using Rotavapor^®^ (type Hei-VAP manufactured by Heidolph Instruments GmbH & Co. KG, Schwabach, Germany). To eliminate any organic solvent, thin lipid films were stored in a desiccator under reduced pressure (100 mbar) for 24 hours. Simulated nasal fluid (SNF; pH 5.5, 10 mL) containing permeation enhancer; Clostridium perfringens enterotoxin (CPE) or sodium caprate (Sod C) was used to hydrate the prepared thin dried film. The resultant vesicles were allowed to swell for 24 hours, then they were sonicated using a sonicator (powerson I C405, Hwashin Co., Shanghai, China) for 30 minutes, forming smaller vesicles. SUT-loaded transferosomes (free from untrapped drug) were extruded through a 200-nm Sartorius polycarbonate membrane filter (Sartorius Instrument, Nieuwegein, Netherlands) four times to decrease their diameter. SUT-loaded transferosomes were separated from the free SUT by high-speed centrifugation at 18,000 rpm for 0.5 hours at −5°C using a cooling high speed centrifuge (High-Speed Refrigerated Centrifuge, CR22N; Hitachi Ltd., Tokyo, Japan). Precipitates were re-suspended with SNF (pH 5.5, 10 mL). Supernatants were collected to calculate free SUT. SUT-loaded transferosomes (free from untrapped drug) were kept at 4°C in clean glass containers. All processes were carried out under aseptic conditions using laminar flow (horizontal laminar flow hood, BZ Series, model BZ-3SS RX; Germfree, Ormond Beach, FL). Table 1Composition of the Prepared Transferosomes in Molar RatioFormula CodeSoyabean LecithinCholesterolSodium CholateTween 80CPESodium CaprateF11210.1F21210.2F3121--0.1F4121--0.2F51220.1F61220.2F7122--0.1F8122--0.2F91210.1F101210.2F11121--0.1F12121--0.2F1312--20.1F1412--20.2F1512--2--0.1F1612--2--0.2[^1]

### Differential Scanning Calorimetry (DSC) {#S0002-S2002-S3002}

DSC examination was carried out using the DSC 204 (Netzsch, Hanau, Germany). The heating rate of the samples was 10°C/min over a temperature range of 40--300°C.

The sample was taken for analysis; with an aluminum empty pan used as a reference. DSC profiles of SUT, tween 80, cholesterol, soybean phospholipids, physical mixtures of SUT and tween 80, physical mixture of SUT and cholesterol, physical mixture of SUT and sodium cholate, and physical mixture of SUT and soybean phospholipids were performed.

Characterization of SUT-Loaded Transferosomes {#S0002-S2003}
---------------------------------------------

### Vesicle Size, Polydispersity Index (PDI), and Electric Potential Analysis {#S0002-S2003-S3001}

To evaluate the zeta potential, mean diameter, and size distribution curve of the prepared vesicles; samples of transferosomal dispersion (100 μL) were diluted with purified water (900 μL) and measured through dynamic light scattering method using a Malvern Zetasizer (Malvern Instruments Corp; Nano ZS ZEN 3600, Worcestershire, UK). The measurements were repeated in triplicate (n=3).

Determination of Transferosomal SUT Entrapment Efficiency {#S0002-S2004}
---------------------------------------------------------

### Indirect Method {#S0002-S2004-S3001}

The collected supernatants from the preparation step were assayed using a UV-spectrophotometer (Shimadzu, Kyoto, Japan). As the amounts of free SUT were determined, amounts of the encapsulated SUT were calculated as follows, $$\documentclass[12pt]{minimal}
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Evaluation of Elasticity of the Prepared Transferosomes {#S0002-S2005}
-------------------------------------------------------

Elasticity of the prepared transferosomes is an important parameter of elastic vesicles, which is characterized by the capability of remaining intact as they permeate through intranasal mucous membranes. Measuring of the vesicles elasticity (E) was carried out by measuring the amount of vesicles permeation through semi-permeable membrane (J), mean vesicles size (r~v~), and membrane pore size (r~p~). Elasticity parameter was calculated as reported in literature using the following equation.[@CIT0018] $$\documentclass[12pt]{minimal}
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Amount of transferosomal suspension (J), which permeated through pores of the membrane (50 nm in diameter) under high pressure (5 bars) (Sartorius Instrumenten, Nieuwegein, The Netherlands) during 5 minutes, was weighed.

Morphology of SUT-Loaded Transferosomes {#S0002-S2006}
---------------------------------------

To investigate the morphology of SUT-loaded transferosomal formula (F5), transmission electron microscopy (TEM) (JEOLJEM-1400, Tokyo, Japan) was used. A drop of freshly prepared transferosomal formula was used to cover carbon--copper grid and left to dry, allowing the vesicles to stick to the surface of the carbon--copper grid. Phospho-tungstic acid dye was used to stain the dried vesicles. Photographs of the stained vesicles were captured using TEM through an accelerating voltage of 80 kV.[@CIT0013]

In-vitro Release Study of SUT-Loaded Transferosomes {#S0002-S2007}
---------------------------------------------------

SUT release from the prepared transferosomes was studied using a dialysis method, which was previously prescribed in the literature.[@CIT0019] Transferosomal suspension (10 mg drug equivalent) and SUT solution (10 mg drug equivalent, control) were inserted into dialysis bags (donor compartment) with a molecular weight cut-off of 12,000 kDa. Release study was carried out using USP dissolution apparatus type II; paddle rotation was kept to 100 rpm. The dialysis bags were fully immersed under the surface of 100 mL of SNF as a receptor medium (pH 5.5 at 37ºC) to keep a sink condition. Samples of release medium (2 mL) were taken at definite time intervals (0, 0.25, 0.5, 1, 2, 4, and 6 hours) and replaced with 2 mL of fresh prepared SNF. Taken samples were analyzed UV-spectrophotometrically at 282 nm (Shimadzu UV-1800). The experiments were repeated in triplicate. Percent release of SUT at a time (t) was calculated as follows, $$\documentclass[12pt]{minimal}
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where Q1 and Q2 are the initial quantity of drug entrapped in the prepared transferosomes and the quantity of drug released at time t, respectively.

Stability Study of the Optimized Transferosomes {#S0002-S2008}
-----------------------------------------------

The stability of the prepared transferosomes was evaluated based on aggregation of the lipid vesicles and leakage of SUT from them. A protocol developed by Du Plessis et al[@CIT0020] was applied with minor changes. The examined transferosomes (10 mg of SUT equivalent) were kept in amber vials and stored in a refrigerator at 4ºC and at a room temperature of 4±2°C, 25±2°C, and 40±2°C for 3 months. A physical stability study was carried out based on examining the clarity, pH, and percent encapsulation efficiency (EE%). Clarity of the examined dispersions was measured using Abbe's refractometer in terms of refractive index. Adjustment of refractometer was carried out in such a way that the cross wire of the telescope was exactly on the boundary between the dark and bright spaces. Calibration of the refractometer was performed using water as a reference standard. Any visible changes, such as sedimentation, creaming or color changes were recorded.

Stability Study of the Optimized in-situ Gels {#S0002-S2009}
---------------------------------------------

The stability study was carried out to investigate drug content of the prepared in-situ gels (G5/F9, G5/F10, G5/F11, and G5/F12). The examined gels were kept in amber-colored bottles covered with an aluminum cap at 4±2°C, 25±2°C, and 40±2°C at relative humidity 75±5% for 3 months. Gel samples (1 mL) were taken every month to be analyzed for drug content. One milliliter of the examined gels was digested using triton X-100 (3 mL, 1% v/v), which was diluted in double distilled water up to 10 mL to release the drug content and filtered using polycarbonate membrane filter (0.2 μm) (Whatman International Ltd, Springfield Mill, UK). One milliliter of the filtrate was transferred to 10 mL volumetric flask and diluted in distilled water to the final volume 10 mL. The taken samples were analyzed to measure their UV-absorbance using a UV-spectrophotometrer at 282 nm.

Preparation of Mucoadhesive Nasal Gel {#S0002-S2010}
-------------------------------------

Mucoadhesive intranasal in-situ gels containing SUT were prepared using PLX 407, PLX 188, and mucoadhesive agent (carrageenan) ([Table 2](#T0002){ref-type="table"}). Mucoadhesive gels were prepared in accordance to the modified cold method.[@CIT0021] Carrageenan was dissolved in hot water and then cooled. PLX 407 and PLX 188 were stirred in cold distilled water (4°C) until a clear solution was formed. PLX 407/188 solution was mixed with carrageenan gel. The prepared mixtures were kept in a refrigerator for 48 hours. Then, they were evaluated based on gelation temperature, gelation time, viscosity, and syringeability of the formulations. Table 2Composition, pH, and Mucoadhesive Strength of PLX 407, PLX 188, and Carrageenan in-situ GelPlain Gel CodePLX 407% w/vPLX 188% w/vCarrageenan % w/vpHMucoadhesive Strength (dyne/cm^2^)G11851.55.95,426±182G2181016.06,423±98G318150.56.26,431±101G42051.55.96,634±215G5201016.17,965±312G620150.56.27,213±102[^2]

Characterization of the Prepared Gels {#S0002-S2011}
-------------------------------------

### Gelation Temperature {#S0002-S2011-S3001}

Gelation temperature and gelation time are critical factors to optimize thermo-sensitive gel. Gelation temperature is the lowest temperature degree at which the prepared formulation transits to gel state. Rheological evaluations were conducted using a thermostatically programmable Brookfield rheometer (MCR 302; Anton Paar, Graz, Austria). To determine precisely the gelling temperature, therheometer was fitted with a CP-52 spindle and cone/plate geometry. The diameter of the cone was 2.4 cm and an angle of 3º. Moreover, the shear stress was adjusted to keep a shearing rate at 10 s−[@CIT0001]. The temperature was increased at a rate of 0.5ºC/min within the range of 20--40ºC. The obtained viscosity (mPa.s) values were plotted against the temperature. The gelation temperature was estimated graphically using the plotted graph and was defined as the temperature point on the viscosity-temperature plot at which the sudden increase of the apparent viscosity was recorded. The gels were evaluated three times to calculate standard deviation (±SD) and confirm the repeatability.

Evaluation of Rheological Properties of SUT Loaded Transferosomal in-situ Gels {#S0002-S2012}
------------------------------------------------------------------------------

Rheological evaluation of the prepared gels was carried out using a rheometer equipped with a cone (0.8^◦^) and parallel stainless plate geometry (40 mm/diameter) (Bohlin Gemini HR nano, Malvern instruments, UK). The formulations were examined in triplicate.

Determination of pH {#S0002-S2013}
-------------------

The prepared samples pH was measured using a pH meter (SP-701, Suntex Company, New Taipei City, Taiwan), to ensure compatibility of the gels with nasal mucosa at room temperature. Ten milliliters of each formulation was withdrawn into a suitable container, dipping the glass electrode of a pH meter into the formulations samples to measure the pH.

Preparation of Nasal Mucosa {#S0002-S2014}
---------------------------

Nasal mucosa membrane was isolated from the fresh nasal tissue of sheep, obtained from a local slaughterhouse, within 1 hour of slaughtering the sheep. Fatty tissues and different tissues were removed gently from the isolated nasal mucosa membrane. The clean nasal mucosa was kept into isotonic saline solution at −20°C. The procedures of the experiment were approved by the Animal Ethical Committee of the Faculty of Medicine, Assiut University.

Mucoadhesive Strength {#S0002-S2015}
---------------------

Mucoadhesive strength is equivalent to the detachment force needed to separate the gel from the nasal mucosa tissue. To measure the mucoadhesive strength of the prepared gels, two parts of the nasal mucosa (20\*25 mm) were attached to two different glass slides using glue. One of the two glass slides was attached to the base of the used balance beneath its pan. The other one was tied to the under surface of the balance pan in an inverted position in such a way that the tissue has been just facing and beneath upper nasal tissue. About 0.5 g of the examined gel was positioned between two nasal membranes and kept in contact for 5 minutes. Using a water filled burette, a definite water volume was added to the other pan, allowing the two parts of the nasal membrane to be detached from each other.[@CIT0022] Finally, the mucoadhesive strength was defined as the minimum force in dyne/cm^2^ able to detach the mucosal membrane from the examined gel and calculated based on the following equation:[@CIT0022] $$\documentclass[12pt]{minimal}
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where M is the amount of water in grams that equals the released water in milliliters multiplied in water density, g is gravitational acceleration (980 cm/s^2^), and A is surface area of the examined nasal mucosa in cm^2^.

Drug Content {#S0002-S2016}
------------

The formulations (G5/F9, G5/F10, G5/F11, and G5/F12) were analyzed to measure drug contents in triplicate by using a double beam UV-visible spectrophotometer (Shimadzu UV-1800).[@CIT0023] One milliliter of the formulation was treated as mentioned in the stability study, then 1 mL of the filtrate was transferred to a 10 mL volumetric flask and diluted in distilled water to a final volume of 10 mL. The taken samples were analyzed to measure their UV-absorbance using UV-spectrophotometry at 282 nm.

In vitro Release of SUT from the Prepared Gel {#S0002-S2017}
---------------------------------------------

To investigate the release rate of SUT from transferosomal SUT containing gel, G5/F9, G5/F10, G5/F11, and G5/F12 formulations were utilized for conducting the in vitro release study as reported in the literature.[@CIT0024] Briefly, a certain amount of the examined formulation (10 mg SUT equivalent) was placed into cellophane dialysis tubing (a molecular weight cut-off 12,000--14,000 kDa, Heidelberg, Germany). The tube was submerged under the surface of SNF (300 mL, pH 5.5, rotation speed 75 rpm, and 37±2°C) in a dissolution flask. Aliquots (5 mL) were withdrawn and replaced with equal volume of freshly prepared SNF (pH 5.5, 5 mL, 37ºC) and analyzed spectrophotometrically at λ~max~282 nm. The experiment was performed independently three times. The percent cumulative drug permeated was calculated and represented against the time.

Ex vivo Permeation Studies {#S0002-S2018}
--------------------------

Transferosomes (F9, F10, F11, and F12) were selected to be incorporated into the optimum in-situ gel (G5) based on the previous characterization. The experiment was conducted according to the previously described method with some modification.[@CIT0025] Briefly, loaded transferosomes in-situ gel (G5/F9, G5/F10, G5/F11, and G5/F12), SUT solution (control I), and SUT-loaded transferosomes, F9 (control II) equivalent to 20 mg were placed into an open-sided tube that was sealed with the treated rat abdomen skin and the other side reinforced into 100 mL of SNF (pH 5.5 at 37ºC) as a receptor compartment; USP dissolution apparatus type II. Its paddle was stirred at 100 rpm. Samples (2 mL) were taken at a definite time (0, 0.5, 1, 2, 3, 4, 5, and 6 hours) and replaced with equal volume of a freshly prepared NSF. Taken samples were analyzed spectrophotometrically at 282 nm for determining the cumulative permeated SUT in triplicate manner. Lag time was determined from the plot of cumulative permeated drug against the time as the X-axis intercept of the linear portion. Permeation parameters were calculated as follows:[@CIT0026] $$\documentclass[12pt]{minimal}
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where Q~6h~ is the cumulative amount of the permeated drug over 6 hours, J is the permeation flux, Kp is the permeation coefficient, and dQ/dt equals the amount of drug/time obtained from the slope of the straight portion of the plot.

Histopathology for Nasal Mucosal Toxicity and Tolerability {#S0002-S2019}
----------------------------------------------------------

The histopathological investigation was carried out to examine the effect of the optimized transferosomal SUT-loaded in-situ gels (G5/F9) and (G5/F11) on the integrity of nasal mucosa. The study was achieved, in accordance with Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health (8th edition, revised 2011) and were approved by the local animal ethical committee of the Faculty of Medicine, Assiut University. Fifteen adult New Zealand White rabbits (2−2.2 Kg) were distributed into three groups (five rabbits were included into each group; n=5). The first group, A, was kept without application of any formula (the normal one, n=5), the second group, B (n=5), received intranasal transferosomal SUT in-situ gel (G5/F9), while the third group, C (n=5), received intranasal transferosomal SUT in-situ gel (G5/F11) for 10 consecutive days twice. After that, the examined rabbits were humanely scarified to isolate intact nasal mucosa; whereas the membranes were cleaned off from adipose tissues and bones and were fixed and dehydrated using formaldehyde (10% v/v) and ethanol (95% v/v), respectively. Hard block of the tissue, prepared with a hard paraffin/beeswax mixture 2:3 (w/w), was sliced at 5 µm using a microtome. Sliced membranes were deparaffinized, then they were stained using eosin and hematoxylin stains. Light microscopy was used to observe and record any changes in the examined tissues.

In vivo Pharmacokinetic Study {#S0002-S2020}
-----------------------------

Sixty-three New Zealand White rabbits (2.8--3 kg) were used within the pharmacokinetics study. Procedures of the study were also in compliance with the Guide for Care and Use of Laboratory Animals published by the US National Institutes of Health (8th edition, revised 2011) and were approved by the local animal ethical committee of the Faculty of Medicine, Assiut University. The rabbits were provided by the animal house of the Faculty of Medicine of Assiut University and were randomly distributed into three groups (n=21). The first group members received 20 mg equivalent of SUT orally, while the second and the third group received 20 mg equivalent of transferosomal SUT containing gels intranasally, (G5/F9) and (G5/F11), respectively. Blood samples (2 mL) were taken from the marginal ear vein at determined times (0, 0.25, 0.5, 1, 2, 4, 6, and 12 hours) and kept in heparinized tubes. Three animals from each group were sacrificed humanely at each time interval, then brain tissue was collected. Plasma samples were isolated by centrifuging the blood samples at 14,000 rpm, 5°C for 20 minutes.

The collected brain tissues were flushed with normal saline solution (0.9 w/v) and maintained in filter paper to remove the blood excess. The brain tissues were mixed with normal saline solution and homogenized using a tissue homogenizer. The supernatant was separated to be analyzed. The tissue homogenate samples and plasma were stored at −20ºC, until the analysis was carried out.

The calibration curve and measurement of SUT plasma concentration, based on UV-HPLC (Schimadzu Instruments, Japan), was carried out as reported in the literature.[@CIT0027] Briefly in a clean tube, plasma sample (200 µL) or 500 μL volume of brain tissue homogenate, 20 µL of the paracetamol as an internal standard (1 µg/mL) and 1.5 mL of ethyl acetate were vortexed for 5 minutes. The mixture was centrifuged at 13,000 rpm, for 10 minutes at 5°C, to separate the precipitated protein. In another clean tube, the supernatant was dried under a vacuum in a SpeedVac vacuum evaporator (Savant Instruments, Holbrook, NY) at 45°C for 60 minutes. The dried residue was reconstituted with 300 µL of the mobile phase (acetonitrile: 0.05 M KH~2~PO~4~, 16:84 (v/v), pH 3) and vortexed for 10 minutes, then it was kept to conduct the UV-HPLC analysis. Determination of drug concentration was conducted, using the Phenomenex column (a Hypersil BDS C18, 5 µm, 4.6×250 mm) and eluted isocratically with the mobile phase at 1 mL/min and 30°C, with UV detection at 282 nm. Different pharmacokinetic parameters (PK) such as peak plasma concentration (C~max~) and area under the curve (AUC) were calculated by using WinNonlin software 5.0 (M/s Pharsight, CA). To evaluate the brain-targeting efficiency of the prepared in-situ nasal gels formulations of nanosized transferosomal SUT, the drug-targeting index (DTI) was calculated based of the following equation: $$\documentclass[12pt]{minimal}
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Statistical Analysis {#S0002-S2021}
--------------------

All experiments were conducted in triplicate. The standard differences were examined for statistical significance at *P*\<0.05 using Student's *t*-test.

Results and Discussion {#S0003}
======================

In the present examination, many endeavors were exerted to prepare the sustained release transferosomal SUT in-situ gel forming intranasal solution using polymers such as PLX 407, PLX 188, and carrageenan. PLX 407/188 and carrageenan mixture novel intranasal gel-forming mucoadhesive polymer, which gets converted to gel at body temperature, was used as the gelling agent.

Differential Scanning Calorimetry (DSC) {#S0003-S2001}
---------------------------------------

The DSC curve of SUT displayed a sharp endothermic peak at 168.89°C due to melting of crystalline SUT ([Figure 1A](#F0001){ref-type="fig"}), which is consistent with the literature report. The thermograms of tween 80 ([Figure 1B](#F0001){ref-type="fig"}) and physical mixture of SUT and tween 80 ([Figure 1C](#F0001){ref-type="fig"}) revealed a broad endothermic peak at 168.89°C, which indicates a dilution effect as a result of mixing. The thermograms of soybean phospholipids ([Figure 1D](#F0001){ref-type="fig"}) and physical mixture of SUT and phospholipids ([Figure 1E](#F0001){ref-type="fig"}) revealed a broad endothermic peak at 121.41°C (ΔH0253.62 J/g), which indicates melting of soybean phospholipids and another shallow peak at 167.43°C (ΔH060.40 J/g) correlate to melting of amorphous SUT and also due to the dilution effect. The thermogram of sodium cholate displayed an endothermic peak at 198.89°C due to melting of sodium cholate ([Figure 1F](#F0001){ref-type="fig"}) and physical mixture of SUT, and sodium cholate ([Figure 1G](#F0001){ref-type="fig"}) revealed a broad endothermic peak at 166.15°C which indicates a mild shift of SUT melting point. The thermogram of chloesterol displayed an endothermic peak at 147.89°C due to melting of chloesterol ([Figure 1H](#F0001){ref-type="fig"}). The physical mixture of SUT and cholesterol was an additive thermogram ([Figure 1J](#F0001){ref-type="fig"}) of broad endothermic peak at 168.70°C for SUT along with a broad peak of chloesterol at 146.9°C (ΔH0 108.56 J/g). The shift towards lower temperatures was the result of mixing of two components. Figure 1DSC curves for SUT (**A**), tween 80 (**B**), physical mixture of tween 80 with SUT (**C**), soybean phospholipids (**D**), physical mixture of soybean phospholipids and SUT (**E**), sodium cholate (**F**), physical mixture of sodium cholate and SUT (**G**), cholesterol (**H**), and physical mixture of cholesterol and SUT (**J**).**Abbreviations:** DSC, differential scanning calorimetry; SUT, sumatriptan.

Characterization of the Prepared Transferosomes {#S0003-S2002}
-----------------------------------------------

Particle size, the polydispersity index (PDI), zeta potential, and encapsulation efficiency of the prepared SUT-loaded transferosomes were measured and represented in [Table 3](#T0003){ref-type="table"}. The size of the prepared transferosomes ranged from 97.25±3.14 (F9) to 245.01±3.4 (F5). When the surfactant concentrations were increased, the vesicles sizes were decreased ([Table 3](#T0003){ref-type="table"}). Those findings were explained on the basis of interfacial tension, whereas lower interfacial tension was created at higher surfactant concentration, leading to form small-sized vesicles.[@CIT0028] Many parameters may affect the vesicle size such as hydrophilic-lipophilic balance (HLB), molecular structure, and ionic nature of the used surfactant as reported in the literature.[@CIT0029] HLB values are 18 and 15 for sodium cholate and tween 80, respectively. As the HLB of the used surfactant decreased, the particle size of the vesicle increased as a result of interaction of the surfactant with lipid chains of the membrane, leading to increase packaging density and the surface free energy. However, increasing HLB value of the used surfactant led to a decrease in the vesicle size as a result of interaction of the surfactant with the inner aqueous phase, leading to a decrease in the vesicle size. The results obtained with sodium cholate-based vesicles seem to deviate from the aforementioned explanation, because anionic nature of sodium cholate generates a strong repulsive force between the lamellae as a result of negative charge formation on the vesicles, leading to an increase in the internal aqueous core. The present study was concurrent with the previous finding that explained the effect of HLB and the vesicle size of water soluble loaded-transferosomes.[@CIT0030] However, the present findings were in contrast to the findings of the other studies formulating water-insoluble drugs.[@CIT0031] Polydispersity index is an important indicator regarding homogeneity of the prepared transferosomes (F1--F16), whereas PDI of all the prepared transferosomes had values in the range between 0.178--0.312. All of the prepared transferosomes that had PDI less than 0.25 were mono-dispersed suspensions.[@CIT0032] They are preferable because of their high stability and less probability of aggregation of the suspended vesicles. Being partition coefficient (Log k 1.2), SUT was incorporated in both internal aqueous core and lipid bilayer. The EE% of SUT in the prepared transferosomes was in the range of 40.41±3.02 to 77.47±2.85. EE% changed related to variation of surfactant type and its concentration. Regarding the surfactant concentration, the ratio 1:2:1 (w/w/w) gave higher EE% than the ratio 1:2:2 (w/w/w). The aforementioned results could be attributed to an increase of the vesicle size as outcomes of incorporation of surfactant into lipid bilayer. Initially, the increase of vesicle size accompanied with high drug loading. Lastly, pores in the lipid bilayer were created facilitating the drug escape and the decrease of EE%. Regarding the surfactant type, tween 80 based transferosomes gave higher EE% than sodium cholate based transferosomes. These results could be attributed to HLB value, the lower HLB, and the higher EE%. These findings were concurrent with those reported in the literature.[@CIT0019] However, these results disagreed with those reported with González-Rodríguez et al.[@CIT0026] Table 3Vesicle Size, Poly-Dispersity Index (PDI), and Elasticity (D), Zeta Potential and Percent Entrapment Efficiency of SUT-Loaded TransferosomesFormula CodeSize (nm)PDIElasticity (D)Zeta Potential (mV)EE%F1188.21 ± 3.10.21125.5−22.461.24±2.25F2148.07 ± 3.80.31221.2−29.349.69±2.78F3159.13 ± 2.80.24817.7−26.664.30±3.21F4179.89 ± 5.10.27614.4−25.970.55±1.88F5245.01 ± 3.40.24426.5−24.840.41±3.02F6204.65 ± 3.00.20831.2−18.142.34±2.68F7164.77 ± 2.70.19837.3−30.660.27±2.84F8211.61 ± 4.90.28724.3−26.858.25±3.66F997.25 ± 3.140.21678.6−22.464.21±4.02F10125.41 ± 5.10.18974.6−29.253.83±3.29F11175.96 ± 3.90.17875.3−27.172.09±2.87F12192.36 ± 4.30.24967.9−29.377.47±2.85F13198.79 ± 4.80.28944.4−22.844.18±3.63F14156.67 ± 3.70.26739.6−31.645.71±2.94F15189.47 ± 2.90.26748.7−18.667.65±2.56F16180.98 ± 4.60.31141.7−29.172.09±2.87[^3]

Regarding elasticity results, tween 80 based transferosomes were more elastic than sodium cholate based transferosomes. However, an increase of tween 80 ratios in formulae (F13--F16) led to decrease the elasticity of transferosomes as compared to the elasticity of transferosomes (F9--F12). The elasticity parameter is very important for permeating the vesicles across the epithelium of the nasal membrane barriers; because intradermal permeation of vesicles is a function of elasticity of the vesicle membrane.[@CIT0033]

Morphology of SUT-Loaded Transferosomes {#S0003-S2003}
---------------------------------------

Transmission electron micrograph (TEM) analysis has been used for evaluating the morphology of colloidal systems and confirming the obtained results regarding vesicle size, as reported in the literature. TEM of optimized SUT-loaded transferosomes has outlined non-aggregated small spherical vesicles with a well-defined bilayer, [Figure 2](#F0002){ref-type="fig"}. Figure 2Transmission electron micrograph of the prepared transferosomes F5 when stained with uranyl acetate (10%) with scale 500 nm.

In vitro Release Study of Transferosomes {#S0003-S2004}
----------------------------------------

As compared to SUT solution as a control, the percentages of SUT released from the prepared transferosomes are represented in [Figures 3A](#F0003){ref-type="fig"}--[D](#F0003){ref-type="fig"}. The drug release from control was the highest one at 6 hours post beginning the experiment (99.21%), as compared to the drug release from different transferosomes. Those results could be attributed to the reservoir effect as a result of the vesicular encapsulation of the drug. Also, the sustained release of the drug from different transferosomes (F1--F16) was not as a result of using cellophane membrane. The release of SUT from the transferosomes ([Figures 3A](#F0003){ref-type="fig"}--[D](#F0003){ref-type="fig"}) were biphasic processes. The first process over the first hour was fast followed by the slower one. This result could be explained on the basis of a property of the transferosome structure or fast loss of surface associated drug, and then slow release of the drug from the core was carried out. Moreover, a certain drug amount may disable to be accommodated within the lipid bilayer of the transferosome, occurring at burst effect. Drug release from transferosomes (F5--F8, F13--F16) with high surfactant ratio 1:2:2 (w/w/w) was slower than from that oftransferosomes (F1--F4, F9--F12) with low surfactant ratio (1:2:1 w/w/w). This finding could be attributed to the ability of the surfactant molecules to render the bilayer of transferosomes more ordered and less leaky forms, hindering the release of the drug. Moreover, using a high surfactant ratio may lead to the formation of mixed micelles which were less sensitive to the concentration gradient.[@CIT0034] However, the drug release from sodium cholate based transferosomes (F1--F4) was slower than from that of tween 80 based transferosomes (F9--F12). This result was elucidated based on the alkyl chain length, whereas the higher the surfactant chain length, the slower the drug release. Moreover, the surfactant chain length and shape might affect the ordering of the lipid bilayer, making the variations of the drug release. Permeation enhancer was an insignificant effective factor on the drug release (*P*\>0.05). Linear regression analysis of the release data proved that the diffusion controlled mechanism (R^2^\>0.981) was the predominant driving force, except F1, F4, F5, F13, and F16, which followed first-order kinetics (R^2^\>0.969). Figure 3SUT release profiles (**A**) (F1--F4), (**B**) (F5--F8), (**C**) (F9--F12), and (**D**) (F13--F16) from SUT-loaded transferosomes versus SUT solution.**Abbreviations:** F, transferosome; SUT, sumatriptan.

Stability Study of the Optimized Transferosomes {#S0003-S2005}
-----------------------------------------------

The optimized transferosomal formulations (F9, F10, F11, and F12) showed insignificant difference (*P*\<0.05) in pH, clarity, color, and the percent encapsulation efficiency within 3 months at refrigerator temperature 4±2ºC and 25±2ºC, which proves the stability of the examined transferosomes ([Table 4](#T0004){ref-type="table"}). However, these formulations kept at 40±2ºC were unstable with respect to drug content because of improving fluidity of the vesicular membrane. Moreover, the elevated temperature may affect liquid transition of the lipid bilayers of the gel and cause the phospholipids chemical degradation, facilitating the drug escape.[@CIT0035] The study suggests that storage of these formulations at 40±2ºC is prohibited to avoid dramatically changing the desired properties of the prepared transferosomes. Table 4Clarity, pH, and Percent Encapsulation Efficiency (EE%) of the Prepared Transferosomal Vesicles During Storage at 4±2ºC, 25±2ºC, and 40±2ºC Over a Period of 3 MonthsFormulaMonthClaritypHEE %4ºC±2ºC25ºC±2ºC40ºC±2ºC4ºC±2ºC25ºC±2ºC40ºC±2ºC4ºC±2ºC25ºC±2ºC40ºC±2ºC**F90**ClearClearClear6.16.16.164.21±4.0264.21±4.0264.21±4.02**1**ClearClearClear6.16.16.063.11±3.4562.46±3.8953.65±3.45**2**ClearClearClear6.16.15.862.54±2.6761.03±3.1046.24±4.36**3**ClearClearClear6.16.05.761.29±3.8158.81±2.9938.22±3.56**F100**ClearClearClear6.16.16.153.83±3.2953.83±3.2953.83±3.29**1**ClearClearClear6.16.16.051.71±3.9946.91±3.6543.87±3.12**2**ClearClearClear6.16.05.850.67±2.8445.64±3.0136.54±2.79**3**ClearClearClear6.16.05.648.77±3.7449.65±2.6131.11±3.74**F110**ClearClearClear6.16.16.172.09±2.8772.09±2.8772.09±2.87**1**ClearClearClear6.16.16.070.31±2.5669.56±2.6065.37±3.78**2**ClearClearClear6.16.05.968.46±4.2766.97±2.3159.72±2.89**3**ClearClearClear6.16.05.966.74±3.1563.09±2.4450.85±2.85**F120**ClearClearClear6.16.16.177.47±2.8577.47±2.8577.47±2.85**1**ClearClearClear6.16.16.076.23±4.0171.48±3.2268.55±3.37**2**ClearClearClear6.16.05.875.01±3.4566.19±3.9157.47±4.06**3**ClearClearClear6.15.95.873.48±2.6661.93±2.2352.48±3.34[^4]

Stability Study of the Optimized in-situ Gels {#S0003-S2006}
---------------------------------------------

The prepared in-situ gels (G5/F9, G5/F10, G5/F11, and G5/F12) were examined based on susceptible variation in the drug content. The results of examination showed an insignificant decrease (*P*\<0.05) in the drug content over a period of 3 months for the in-situ gels stored at 4±2ºC, 25±2ºC, and 40±2ºC ([Table 5](#T0005){ref-type="table"}). Decrease of drug content was detected as a function of an increase in temperature. These findings suggest that storing of transferosomal SUT in-situ gel at low temperature is a must, to overcome the drug decomposition. Table 5The Percent Drug Content (%) of the Prepared in-situ Gels During Storage at 4±2°C, 25±2°C, and 40±2°C/75±5% Relative Humidity, RH Over a Period of 3 MonthsFormulationTime (Months)Drug Content %±SD4±2ºC25±2ºC40±2ºCG5/F90\*100\*100\*100199.45±1.5698.89±1.4897.09±1.65298.98±1.9997.65±3.9192.56±1.87398.01±2.5396.44±2.6589.11±2.99G5/F100\*100\*100\*100199.50±1.8198.64±1.7297.23±1.31298.97±1.8796.05±3.9191.42±2.75398.32±2.6695.89±2.2187.45±2.34G5/F110\*100\*100\*100199.50±1.9398.64±1.6397.23±3.14298.80±1.9896.05±3.9191.42±4.02398.17±2.8795.89±2.3887.45±3.15G5/F120\*100\*100\*100199.14±1.7798.38±1.8997.23±3.62298.48±3.6495.87±3.5791.42±2.84397.79±2.8393.97±3.9986.67±3.79[^5]

Gelling Temperature {#S0003-S2007}
-------------------

Thermosensitive in-situ gel formulation characterized with a reversible change of its viscosity as a function of temperature change. As a result of increased temperature, polymer-based liquid formulations convert to be gels, delaying the nasal clearance of the administered formulations. To avoid the conversion of the formulation from liquid to gel state before its application, the gelling temperature should be more than room temperature. Because the temperature of the nasal cavity is 34ºC,[@CIT0036] the acceptable gelling temperature should be in the range of 26--34ºC. If the gelling temperature is lower than 26ºC, difficulty in manufacturing and application is predicted. But if the gelling temperature is higher than 34ºC, the applied formulation will be cleared early from the nasal cavity.

In the gel preformulation study, the formulations containing PLX 407 higher than 20% were highly viscous, accordingly they were difficult to be administered intranasally.

All gelling temperatures of the formulations containing 18% or 20% PLX 407 were in the range of 23.7ºC to 33.9ºC ([Figure 4](#F0004){ref-type="fig"}) confirming their capability to be administered intranasally. Elucidation of the PLX formulation gelation depends on the change of micellar number as a function of temperature. As a result of the negative solubility coefficient of the block copolymer, the formed micelles number increases when the temperature increases, leading to formation of the tightly packed micelles. So, the solution becomes gel.[@CIT0037] Packing and entanglements of the polymer may be another explanation for forming the gel.[@CIT0038] Moreover, as a result of the increase of temperature, the side chains methyl groups of the polymer chains, forming the inner core of the micelles, reoriented conformationally, expelling the water from the micelles, and the gelation phenomenon occurred.[@CIT0039] Figure 4Effect of temperature on viscosity of various PLX 407 gels (18% and 20%) with varying concentrations of PLX 188 (5%, 10%, and 15%) and carrageenan (1.5%, 1%, and 0.5%) determined at 10 s^−1^ shear rate. Values are represented as mean±SD (n=3).**Notes:** G1; gel \[PLX407 (18%w/v), PLX188 (5%w/v), and carrageenan (1.5%w/v)\], G2; gel \[PLX407 (18%w/v), PLX188 (10%w/v), and carrageenan (1%w/v)\], G3; gel \[PLX407 (18%w/v), PLX188 (15%w/v), and carrageenan (0.5%w/v)\], G4; \[PLX407 (20%w/v), PLX188 (5%w/v), and carrageenan (1.5%w/v)\], G5 \[PLX407 (20%w/v), PLX188 (10%w/v), and carrageenan (1%w/v)\], and G6; \[PLX407 (20%w/v), PLX188 (15%w/v), and carrageenan (0.5%w/v)\].**Abbreviation:** PLX, poloxamer.

Evaluation of pH of the Prepared Gel {#S0003-S2008}
------------------------------------

The prepared in-situ gels were examined to measure pH and kept ([Table 2](#T0002){ref-type="table"}). The pH of prepared in-situ gels ranged from 5.9--6.2. These findings prove that those gels were acceptable and physiologically compatible to be used in the nose cavity.

Mucoadhesive Strength {#S0003-S2009}
---------------------

Evaluation of mucoadhesive strength is very important because of its great impact on elongation of residence time and decrease of formulation leakage. Mucoadhesive strength is defined as a quantity of formulation binding to the mucous membrane at nose temperature; 34ºC. To overcome nasal clearance, the mucoadhesive strength of the intranasal formulation should be high enough. Otherwise, the mucous membrane can be damaged when the mucoadhesive strength is too high.[@CIT0040]

In the experiment process, the optimum contact time for giving the optimum mucoadhesive strength was 2 minutes. Any decrease in the contact time led to a sharp decrease in the mucoadhesive strength due to incomplete polymers chains entanglement with mucin. However, an increase of contact time has an insignificant effect on the mucoadhesive strength. A tensile test was conducted to measure the maximum force required to detach a piece of mucosal membrane from the prepared PLX gels. Our experimental findings showed sufficient mucoadhesive strength for all prepared gels, as represented in [Figure 5](#F0005){ref-type="fig"}. The highest mucoadhesive strength was recorded by the gel formula G5. So, this was selected to be the gel base for the optimized transferosomes F9, F10, F11, and F12 producing in-situ gels G5/F9, G5/F10, G5/F11, and G5/F12. Figure 5Influence of various PLX 407 gels (18% and 20%) with varying concentrations of PLX 188 (5%, 10%, and 15%) and Carrageenan (0.5%, 10%, and 15%) on the detachment stress measured in vitro. Measured values are represented as mean±SD (n=3).**Notes:** G1 composed of PLX407 (18%w/v), PLX188 (5%w/v), and carrageenan (1.5%w/v), G2 composed of PLX407 (18%w/v), PLX188 (10%w/v), and carrageenan (1%w/v), G3 composed of PLX407 (18%w/v), PLX188 (15%w/v), and carrageenan (0.5%w/v), G4 composed of PLX407 (20%w/v), PLX188 (5%w/v), and carrageenan (1.5%w/v), G5 composed of PLX407 (20%w/v), PLX188 (10%w/v), and carrageenan (1%w/v), and G6 composed of PLX407 (20%w/v), PLX188 (15%w/v), and carrageenan (0.5%w/v).**Abbreviation:** PLX, poloxamer.

Drug Content in the Prepared in-situ Gels {#S0003-S2010}
-----------------------------------------

The drug content of the examined formulations (G5/F9, G5/F10, G5/F11, and G5/F12) were 7,140, 6,132, 7,990, and 8,500 µg/cm^3^. The drug content variation in the in-situ gel was due to variation of encapsulation efficiency of the used transferosomes (F9, F10, F11, and F12).

In vitro Release of SUT from the Prepared Gel {#S0003-S2011}
---------------------------------------------

Release of SUT from different transferosomes (F9, F10, F11, and F12) embedded within the prepared hydrogel (G5) was measured and is represented in [Figure 6](#F0006){ref-type="fig"}. The release rate from free drug embedded within G5 was higher thanfrom that of various transferosomes incorporated within G5. The release order of formulations can be arranged in descending order as follows: G5/free drug\>G5/F9\>G5/F10\>G5/F11\>G5/F12. Statistical analysis of release values proved that there were significant differences (*P*\<0.05, paired two-tailed *t*-test) among the examined formulations.

The release of SUT was changed as the transferosomes were imbedded into the in situ gel. The slow SUT release from the prepared gel can be explained on the basis of difficult diffusion of the drug from the gel, where a number of barriers impeded the release of SUT from gel. First, the drugs penetrate across vesicular membranes, then diffuse within the gel space and finally to dissolution medium across dialysis cellophane membrane, consuming a longer time as compared to the free drug.[@CIT0024] Figure 6In vitro release profiles of SUT from both free SUT solution and various transferosomes (F9, F10, F11, and F12) incorporated into in situ gel G5 (PLX 407 (20%), PLX 188 (%w/v), carrageenan (%w/v)) at 37ºC.**Notes:** G5, gel formula composed of PLX407 (20%w/v), PLX188 (10%w/v), and carrageenan (1%w/v).**Abbreviations:** PLX, poloxamer; SUT, sumatriptan.

Ex vivo Permeation Studies {#S0003-S2012}
--------------------------

The present experiments showed the effect of clostridium perfringens enterotoxin and sodium caprate as penetration enhancers formulated into transferosomes (F9, F10, F11, and F12). Permeation of a molecule across the biological membrane is a challenge multistep process. Many factors such as chemical structure, physical properties, and biological interactions can affect the permeation of the molecule. The permeation efficiency of the examined transferosomes against SUT solution (control I) and SUT-loaded transferosomes, F9 (control II), were evaluated using the calculated permeation parameters ([Table 6](#T0006){ref-type="table"}). Based on the cumulative permeated SUT over 6 hours (Q~6h~), the order of the examined formula was arranged as follows; G5/F9\>G5/F11\>G5/F10\>G5/F12\>control II\>control I. Permeation efficiency of any one of the prepared transferosomes containing in-situ gels was higher than permeation efficiency of control SUT solution. This finding could be attributed to the constituents of transferosomes, whereas the phospholipids and the used surfactant reduced the interfacial tension at the surface of the skin. Moreover, phospholipids have high affinity to the biological membrane.[@CIT0041] Also, deformability of the transferosomes bilayer was enhanced as a result of including the surfactant, enhancing the permeation across the nasal membrane. The prepared gels may play a role for enhancing the permeation because of their composition of anionic polymers Plx407, Plx188, and carrageenan. These polymers have great Ca^2+^ binding ability. Unexpectedly, Q~6h~ of transferosomes with low ratios of permeation enhancers (F9 and F11) are higher than Q~6h~ of transferosomes with high ratios of permeation enhancers (F10 and F12), respectively. Moreover, Q~6h~ of transferosomes with permeation enhancer C-CPE (F9) is higher than Q~6h~ of transferosomes with permeation enhancer Sodium Caprate (F10). These results can be attributed to action mode of the used enhancers. Whereas the C-terminal part of CPE can affect the second extracellular loop of claudin-3 and claudin-4 which are the most important components of the tight junction among cells, making pore formation in the plasma membrane of the cell.[@CIT0042] Modulation of the tight junction was reported as an effective technique for paracellular permeation of drugs. Moreover, the action mode of sodium caprate depends on opening the paracellular passage of SUT, as a result of retrieving of claudin-5 from bicellular tight junctions, causing a decrease in paracellular resistance and transepithelial resistance. The selective and rapid effect of sodium caprate on the paracellular barriers may also enhance the permeability of macromolecules.[@CIT0043] The strength of the present approach was mainly due to the use of surfactant, phospholipids, the effect of the gel forming polymers as chelators and high tissue specificity tight junction modulators. Moreover, the size and the vesicular shape of transferosomes may have a great impact on the permeability of the loaded drug. Table 6Ex vivo Permeation Parameters of SUT-Loaded Transferosomes versus SUT SolutionFormulaQ~6h~ (µg/cm^2^)J (µg/cm^2^ h)Kp (cm/h)Lag Time (min)Control I (SUT sol.)153.3125.552.296787±0.3440344.03Control II (SUT transferosomes)254.6342.430.872257±0.1103823.01G5/F9616.12102.6918.8331±1.1318148.11G5/F10437.0972.8511.13888±0. 98112421.46G5/F11508.7884.8011.32028±1.07914210.68G5/F12380.6463.445.94090±0.84518523.39[^6]

Histopathological Study {#S0003-S2013}
-----------------------

The histopathological study was conducted to examine safety of the prepared transferosomal SUT in-situ gel G5/F9 and G5/F11 as compared to the control ([Figure 7](#F0007){ref-type="fig"}). The safety was evaluated through determining any abnormalities, such as damage, irritation, or bleeding in nasal epithelial membrane barriers ([Figure 7](#F0007){ref-type="fig"}). In the first group, no abnormalities were detected ([Figure 7A](#F0007){ref-type="fig"}). In the second group, nasal epithelial membrane barriers showed intact and no abnormalities or damage ([Figure 7B](#F0007){ref-type="fig"}). However, in the third group, mild epithelial disruption and partial loss of cellular and ciliary identity as well as prevalence of extracellular debris were detected ([Figure 7C](#F0007){ref-type="fig"}). These results suggest that transferosomal SUT-loaded in-situ gel might be regarded as a safe with respect to nasal administration. Figure 7Light photomicrographs of (**A**) untreated rabbit nasal mucosal membrane, (**B**) rabbit nasal mucosal membrane treated with SUT-transferosome gel (G5/F9), and (**C**) rabbit nasal mucosal membrane treated with SUT-transferosome gel (G5/F11), stained with eosin and hematoxylin at magnification power 10×40, arrows denote mucosal membrane change.**Notes:** G5; gel formula composed of poloxamer 407 PLX407 (20%w/v), poloxamer 188; PLX188 (10%w/v) and carrageenan (1%w/v).**Abbreviations:** SUT; sumatriptan, F, transfersomal1 formula.

In vivo Pharmacokinetic Study {#S0003-S2014}
-----------------------------

The pharmacokinetic parameters of SUT in rabbit plasma were determined to examine the in vivo behavior of the G5/F9 and G5/F11 formulae as compared to oral SUT solution. The ultraviolet liquid chromatography was confirmed with good linearity within the used range of 1--300 ng/mL. The mean plasma concentrations of SUT have been plotted against the time ([Figure 8](#F0008){ref-type="fig"}), and the corresponding calculated pharmacokinetic parameters are represented in [Table 7](#T0007){ref-type="table"}. Oral SUT was absorbed rapidly and reached the maximum value at 1 hour. However, SUT plasma concentration decreased obviously within the following few hours.Table 7Pharmacokinetic Parameters of SUT in Rabbit Plasma Following Administration of Oral Solution, and Transferosomal SUT in-situ Gels G5/F9 and G5/F11FormulaFormulaOral SolutionG5/F9G5/F11PlasmaBrainPlasmaBrainPlasmaBrainC~max~ (ng/mL)120102221154194117T~max~ (h)0.50.51111Kel0.2494840.37210.1679880.35440.1913940.4097t~1/2~ (h)2.777731.86204.1253051.9553.6208011.6914AUC~0--12~ (ng h/mL)186.81158.95723.65742.37636.55701.87AUC~0--∞~ (ng h/mL)187.471160.84737.04759.9607644.91706.76AUC~0--∞\ brain~/AUC~0--∞\ plasma~ %85.79103.11109.59DTI1.2021.277F~rel~ (%)393.15472.5216344.0044439.4408[^7]

The maximum plasma concentrations of SUT of 221 ng/mL and 194 ng/mL were determined at 1 hour for G5/F9 and G5/F11, respectively. The relative plasma bioavailability of G5/F9 and G5/F11 based on AUC~0--∞~ of oral formula were 393.15% and 344.00%, respectively. The enhanced bioavailability of those formulas was attributed to the great permeation power of the formulated transferosomes. Moreover, the role of perfringens enterotoxin as permeation enhancer was more efficient than sodium caprate. Among the transferosomal SUT in-situ gels, the perfringens enterotoxin based transferosomes showed the best efficacy in intranasal permeation of the drug due to a great ability of perfringens enterotoxin to open the tight junctions of mucosal tissues. The size of the prepared transferosomes within the nano-range may play a role for enhancing the permeability. The significant increase of half-life of the prepared formulae G5/F9 and G5/F11 may be explained on the basis of capability of the nano-transferosomes to escape from the metabolism. Among the transferosomal SUT in-situ gels, the perfringens enterotoxin based transferosomes showed the best efficacy in intranasal permeation of the drug due to the great ability of perfringens enterotoxin to open the tight junctions of mucosal tissues. Regarding SUT concentration in brain tissues, the AUC~0--12~ (ng.h/mL), C~max~ of the groups received nasal gels (G5/F9 and G5/F11) were found to be greater than the groups receiving orally ([Table 7](#T0007){ref-type="table"}). The ratio of (AUC brain tissue/AUC plasma) % for nasal gels (G5/F9 and G5/F11) and oral groups were found to be 85.79, 103.11, and 109.59%, respectively. It is concluded that intranasal administration of SUT loaded transferosomes as in-situ gel led to improve AUC values for brain tissues compared to oral administration ([Table 7](#T0007){ref-type="table"}). Drug targeting index of SUT in brain tissues post intranasal administration of in-situ gel of SUT loaded transferosomes (G5/F9) and (G5/F11) was 1.202 and 1.277, respectively. The findings of pharmacokinetics study have correlated to ex vivo findings based on the Wagner-Nelson model.[@CIT0044] Finally, high relative bioavailability values (F~rel~) and increased half-lives of the prepared transferosomes of SUT incorporated into in-situ gel confirmed that a great bioavailability and sustained release of the drug were done. Figure 8Mean SUT concentrations in rabbit plasma and brain tissue post administration of oral solution (20 mg) and application of nasal transferosomal SUT (20 mg) in-situ gel (G5/F9) and (G5/F11).**Notes:** G5; gel (PLX 407 (20%), PLX 188 (%w/v), carrageenan (%w/v)).**Abbreviations:** F, transferosomal formulations; Oral sol, oral solution.

Conclusion {#S0004}
==========

The best formula (F9) with clostridium perfringens enterotoxin showed a considerably high EE%, small vesicle size and sustained release of SUT over 6 hours. The pharmacokinetic results confirmed that the optimum gel G5/F9 enhanced the relative bioavailability of SUT 3.93- and 4.09-fold as compared to oral SUT solution in plasma and brain tissues, respectively. It also showed a sustained drug release with elimination half-life (t~0.5~) of 4.12 and 1.96 hours in plasma and brain tissues, respectively. Moreover, the relative bioavailability of the gel G5/F11 of SUT was 3.44- and 4.39-fold as compared to oral SUT solution in plasma and brain tissues, respectively. From the aforementioned comparison, the prepared transferosomal SUT in-situ gels succeeded as a non-invasive drug delivery system through the nasal route. Finally, it concluded that a promising non-invasive drug delivery with an improved patient compliance was developed. It is evident from the study that there is feasibility of delivering SUT through transferosomal transdermal gel. Thus, the developed transdermal transferosomal formulation may prove to be a promising carrier for SUT, especially due to their simple production and simplistic scale-up.
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[^1]: **Abbreviations:** F, transfersome; CPE, clostridium perfringens enterotoxin.

[^2]: **Abbreviations:** G, gel formulation; PLX 407, poloxamer 407; PLX 188, poloxamer 188.

[^3]: **Abbreviations:** F, transferosome; PDI, dispersity index; D, elasticity; SUT, sumatriptan; mV, millivolt.

[^4]: **Note:** The values were the means±standard deviation from three parallel measurements.

    **Abbreviations:** F, transferosome; EE%, percent encapsulation efficiency.

[^5]: **Notes:** \*Considering the initial concentration of each of the prepared gels was 100%. The values were the means±standard deviation from three parallel measurements. G5; \[PLX407 (20%w/v), PLX188 (10%w/v), and carrageenan (1%w/v)\].

    **Abbreviations:** F, transfersomal formula; SD, standard deviation; PLX, poloxamer.

[^6]: **Notes:** G5; gel (PLX 407 (20%), PLX 188 (%w/v), carrageenan (%w/v)). Q~6h~ (µg/cm^2^); amount of SUT permeated (µg) per area of the membrane, J is permeation flux.

    **Abbreviations:** F, transferosomal formulations; Kp, the permeation coefficient.

[^7]: **Abbreviations:** C~max~, maximum plasma concentration; T~max~, time at maximum plasma concentration; K~el~, elimination rate; t~1/2~, half-life of elimination; AUC~0--∞~, area under the curve from time zero to infinity; AUC~0--12~, area under the curve from time zero to 12 hours; DTI, drug-targeting index (DTI)=(AUC~brain~/AUC~plasma~)~examined\ formula~/(AUC~brain~/AUC~plasma~)~oral\ formula~, F~rel~ (%), percent relative bioavailability.
